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1. INTRODUCTION

Russan and United States scientists have been involved in collaborative research
programs under the sponsorship of the U.S.- Russian Joint Coordinating Committee on Rediation
Effects Research (JCCRER) since 1995. JCCRER Project 1.1 is a comprehensive program to
develop improvements in the dosmetry system for the population exposed as aresult of the
releases of the Mayak Production Association (MPA) by providing

Morein-depth andyss of existing data,

Further search of existing records for useful data,
Mode development and testing,

Evauation of uncertainties,

Verification of procedures, and

Vdidation sudies of existing and planned results.

The planned details of the project were specified in the proposal document (Degteva et d.
19963).

The specific am of this project is to enhance recongruction of externa and internd
radiation doses for 30,000 individuads who resided in the valey of the Techa River, which was
contaminated in 1949- 1956 by the discharges of liquid radioactive wastes from the MPA. The

purpose of the enhanced dose recongtruction isto support companion epidemiologic studies of
radiogenic leukemia and solid cancers (NCI-RERF-URCRM Project and JCCRER Project 1.2).

Theresults of the current study have been presented in progress reports, milestone
reports, and papers published in peer-reviewed journas (thelis of al publicationsis givenin
Appendix 1). Thisisafind report integrating (not repeeating) the achievements obtained for the
three-year period of joint activity in the framework of JCCRER Project 1.1.

The purposes of this document are the following:

1. To provide adescription of an improved dosmetry system referred to as the Techa River
Dosmetry System-2000 (TRDS-2000);

2. To summarize updated assessments of external and internal doses calculated for members
of the Techa River Cohort usng the TRDS-2000;

3. To describe quality assurance work accomplished for the main databases; and to describe
work on the verification and vaidation of the modeds used in the TRDS-2000;

4. To describe the approaches to TRDS-2000 uncertainty assessments for externa and
interna doses; and

5. To outline proposed future directions that can be undertaken to provide additiona
improvements in the dosmetry system.



2. BACKGROUND

Population exposure in the Uras region occurred as aresult of faluresin the
technological processes in the Mayak plutonium facility in the late 1940 sand early 1950's. A
major source of environmental contamination was the discharge of about 107 Bq of liquid
wadtes into the Techa River in 1949-1956. Resdents of many villages downstream from the Site
of rdease (Fig. 1 and Table 1) were exposed viaavariety of pathways, the more sgnificant
included drinking of water from the river and externd gamma exposure due to proximity to
bottom sediments and the shoreline. There are known to be additiona sources of exposure for
the Urals population. The most important was an explosion in the radioactive waste- Storage
fadility in 1957 (the so-caled Kyshtym accident) that formed the East Urals Radioactive Trace
(EURT) dueto dispersion of 7.4~ 10 Bq into the atmosphere. Some of this materia
contaminated villages to which persons exposed on the Techa River had been relocated. Other
possible sources of confounding exposure include the gaseous aerosol releases from the Mayak
fadility in 1949-1957 and the windblown contamination from Lake Karachay when it dried out
in 1967.

The series of radioactive releases that occurred in the same region in different years and
the intensive migration of the population within the contaminated area are specific features of the
Urdssituation. This determined the approach to follow-up: sdecting afixed cohort and tracing
al places of resdence for each subject in the cohort since the beginning of radioactive
contamination.

2.1. THE COHORTS OF INTEREST

In 1968 the Techa River Registry was created at the Urd's Research Center for Radiation
Medicine (URCRM) with the god of including resdents of villages dong the Techa River who
lived there during the period of high exposure from 1949 through 1952. The registry includes
data on 26,500 such persons, and these persons have been identified as the “ Techa River Cohort”
(TRC). The TRC has been studied for severd decades by scientists from the URCRM, and an
increase in both leukemia and solid cancers with radiation dose has been noted (Kossenko et al.
1997). Thisfinding suggests that, with continuing improvements in the quaity of the follow-up
and dosmetry, study of the TRC hasthe potentid to provide quantitative estimates of the risks of
stochastic hedth effects produced by chronic low-dose-rate radiation exposure in the genera
population.

In more recent times the “ Extended Techa River Cohort” (ETRC) has been created; the
ETRC includes the origina TRC and about 5,000 persons who migrated to the villages after the
period of high exposure but before 1960; the |late entrants in the ETRC have been restricted to
those born before 1949 as for the origind TRC. This ETRC isthe magter cohort from which
subcohorts can and are being drawn for analysis and for whom it is desirable and possible to
cdculate individuadized internd and externa doses.

The ETRC has many desrable featuresin terms of its continuing epidemiologic study:
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Fig. 1. Schematic map of the Techa River (approximate scale) and the villages located on its banks before contamination occurred
(1949). The names of the major settlements and the distances from release site are also indicated. Schematic diagrams of the upper
reaches of the Techa River and the East Urals Radioactive Trace (EURT) formed in 1957 are shown in the upper panel; the shaded
area indicates the region of *°Sr-deposition density greater than 740 MBq m2 (20 Ci km2).
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Table 1. The settlements along the Techa River involved in this study.

Distance

Settlement from Ste of Evgetl on
us
release, km
Metlino 7 Evacuated
TechaBrod 18 Evacuated
Asanovo and Nazarovo 33 Evacuated
M. Taskino 41 Evacuated
Gerasmovka 43 Evacuated
GRP 45 Evacuated
Nadyrov Most 48 Evacuated
Nadyrovo 50 Evacuated
Ibragimovo 54 Evacuated
Isaevo 60 Evacuated
Podssobnoe hoz. 65 Evacuated
Mudyumovo 78 Exids
Kurmanovo 88 Evacuated
Karpino 96 Evacuated
Zamanikha 100 BEvacuated
Vetrodujka 105 Evacuated
Brodoka mak 109 Exigs
Osolodka 125 Evacuated
Panovo 128 Evacuated
Cherepanovo 137 Evacuated
Russkaya Techa 138 Exigs
Baklanovo 141 Evacuated
Nizhnepetropavliovskoye 148 Exigs
Beoyarka-2 155 Evacuated
Lobanovo 163 Exigs
Anchugovo 170 Exigs
Verkhnyaya Techa 176 Exigs
Silyagino 180 Exids
Bugeevo 186 Exigs
Dubasovo 200 Exigs
Bisserovo 202 Exigs
Shutikhinskoye 203 Exigs
Progress 207 Evacuated
Pershinskoye 212 Exids
Klyuchevskoye 223 Exids
Ganino and Markovo 230 Evacuated

Zatechenskoye 237 Exids




The cohort conssts of members of the genera population;

Members of the cohort are relatively old at thistime, the youngest member is 50 years
old,

The years a risk are rdatively large, about 50 years, and

The doses received by this population are rdatively large; 5% of the members have red
bone-marrow doses due to °°Sr of >1 Gy; in addition some members of the cohort have
external doses of up to 0.4 Gy.

Further, the URCRM Regigiry includes data on 29,700 persons exposed in utero and/or
the progeny of exposed parents. Twelve thousand such persons who are the children of TRC
members have been identified as the “ Techa River Offspring Cohort” (TROC). The TROC has
the potentia to provide direct data on radiogenic hedth effectsin progeny that resulted from
exposure of agenerd population to chronic low-dose-rate radiation.

2.2. THE URCRM DATABASES

There are several databases located at the URCRM that are used jointly by dosmetrists
and epidemiologists working together on population risk-assessment projects. All databases are
located on a centra server, which is managed by a Syssem Adminigtrator. The administrator
controls access to the system through a double layered system. Only specified work stations can
access the system and only certain work stations are dlowed to ater specific parts of the
database. For example, only awork station within the Registry Department would be dlowed to
dter data concerning vitd status determination. In addition, an individua may only access the
system according to apassword. The System Administrator aso makes a backup on streaming
tape of the URCRM databases and working files on adaily basis. Additiona backups on
weekly, monthly, and yearly bases are aso made; these tapes are stored in a safe at the URCRM.

Database MAN. One of the more important URCRM databases is database MAN
(Degtevaet a. 1996c¢); the details of database MAN are indicated in Fig. 2. The purpose of
database MAN isto be the centrd repostory of dl “input” data pertaining to a member of the
Techa River Cohort. Thisinformation includes dl identification deta; pedigree or family
information; data on migration from location to location; the last known address; informationon
the deceased at time of deeth, etc.; the caus(s) of death; the diagnoses in addition to and
including the caus(s) of death; and available information on measurements of body burdens of
radionuclides and beta counts of teeth and forehead bone. All information pertaining to a
particular member of the registry is accessed viaa“ system number,” designated as“SN.” In
more recent times this system number has adso been referred to as an “Identification Code” or

This comprehendve database is maintained as ajoint effort at the URCRM by members
of the Epidemiologic Laboratory concerning International Disease Classfication-9 codes;
members of the Registry Department concerning vital status, migration, last address, etc.; and
members of the Biophysics Laboratory concerning measurements of body content, etc. Members
of al three groups have free access to these data, but only the responsible group has the authority
and ability to change the data for which it isresponsble.
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Fig. 2. Information contained in database MAN. Information shown aboveinred isthe

responsibility of the Epidemiology Labor

atory; information shown in blueis the responsibility of

the Biophysics Laboratory; other information is the responsibility of the Registry Department.

Database ENVIRONMENT. This database contains available data on source terms,
measurements of radionuclidesin river water and sediment, and external gamma-exposure rates
in the environment. In addition, hydrologica data pertaining to the Techa River are included.
The contents of database ENVIRONMENT were summarized and described in detail ina
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previous publication (Degteva et a. 1996¢). This database is the respongibility of the URCRM
Environmenta Department and the Biophysics Laboratory and is available to the other groups.
The link between databases MAN and ENVIRONMENT is accessed viaa “ settlement code,”
which isthe same identifier both for the residence place of exposed persons and for al
environmental measurementsin this site.

Other databases. There are severd other databases that contain primary data and which
could be used for risk andysis. The more important are the Tumor and Autopsy Regidtries. The
Tumor Registry contains 25,500 copies of Regiona Cancer Dispensary natifications for the
residents of the catchment area, and the Autopsy Registry contains post-mortem diagnoses and
905 measurementsin bone samples for 5,400 subjects who lived in the Urals. Both registries
have been matched to the Techa River Registry. These two registries were found to include data
for members of the ETRC concerning about 4,000 tumors and 800 measured samples of bones.

2.3. FREEZING OF THE COHORTS AND DATABASES FOR ANALY SIS

Personal data and residence-history data for subjects under observation are occasondly
updated and corrected in accordance with newly received archival documents, interviews and
other data. On the basis of such new information, subjects are sometimes moved from one
cohort to another within database MAN. Also, status changes through a variety of processes
such as death, marriage, or migration; newly born persons are added to the Offspring Cohort.
Also, the dosimetric measurements are continuing. Updated information of these and other types
are occasondly entered into the appropriate databases.

At varioustimesin the past the TRC and its associated databases have been “frozen” for
andyss. Thispracticeisvery smilar to that used by the Radiation Effects Research Foundation
(RERF) in their studies of the Life Span Study (LSS) cohort. Thus, while work continues on
following up members of the cohort and in improving the dosmetry, these changes are not
implemented on a piecemed gpproach. Rather, at sdlected dates of “freezing” the cohort and its
databases for anaysis, the changes that have progressed incrementaly over severd years are
implemented a once for future andyss. The dates of the “freezings’ are mutualy agreed upon
by the epidemiologists and dosmetrists involved in joint study on radiaionrisk andyss. In
recent years such freezings have occurred for 1989 and 1996. Future plans include freezes for
2000 and perhaps 2005. A brief description of each of these events follows.

1989 freeze of the cohort. The most recent andyss of the radiogenic effects observed in
the TRC was provided in Kossenko et d. (1997). Thisandysis was performed in 1993-1994,
but there had been no active ascertainment of vitd status for cohort members since the early
1980s. However, copies of death certificates through the end of 1989 had been obtained for
those areas of the epidemiologic catchment arealocated in Chelyabinsk Oblast. Thus, the
andysswas fixed on the date of 1989, dthough vitd status was unknown for a sgnificant
fraction of the cohort. In spite of these limitations, an increase in both leukemiaand other
cancers associated with increasing dose was noted.

The method of dose recongtruction used for the 1989 freeze of the cohort is aso provided
in (Kossenko et d. 1997). This method was essentidly that described by Degteva et a. (1994)
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with some improvements. Significant features of the dosmetry for 1989 freeze were the
following:

Internal doses from *°Sr were calculated for an individua on the basis of group doses for
the village where a person received his mgjor exposure;

Internal doses from 8°Sr and 3" Cs were derived from *°Sr dose according to the relative
concentration in river water for the reference site; and

External doses were based upon measured exposure rates dong the river bank and
edimated age- specific life Syles (concerning time spent on the river bank, etc.).

1996 freeze of the cohort. The extended cohort (ETRC) was created for thisfixing of
the cohort and its databases by the addition of about 5,000 persons who were late entrants to the
villages and who received smaller exposures. The 1996 freeze represents the current state of the
URCRM databases, which are currently undergoing statistical analys's; no derivations of risk
factors from the 1996 version of the database have been published.

Severd dgnificant improvements were made in the dosmetry for the 1996 freeze. These
included the first implementation of the Techa River Dosmetry Sysem (TRDS-96), which has
been described by Degteva et d. (1996€). A magjor improvement included use of individua-
residence histories, so that adequate attention could be given to the exposure received in each
location where an individud lived. TRDS-96 was successfully operated at the URCRM and
provided aninitid look at dose ditributions among ETRC members. TRDS-96 treated dl
ETRC members usng a sSingle dose-assessment protocol based on individua-residence histories
avaladlefor dl cohort members. The experience gained by the use of TRDS-96 paved the way
for an improved system, which incorporated further developments in dosmetry using TRDS-96
as a prototype-dosmetry system.

3. TRDS-2000 DESCRIPTION

Theimproved dosmetry system isreferred to as TRDS-2000. Agreement has been
reached that the next freeze of the cohort and its databases will occur in the year 2000. Thiswill
be the firgt time that advantage can be taken of the mgor improvementsin epidemiologic follow-
up and in dose reconstruction.

Mgor activities leading to improvements in the TRDS-2000 include

A comprehensve, andyticd review (Vorobiovaet a. 1997; 1999b) of higtorical dataon
radionuclide releases to the Techa River, measured concentrations of radionuclidesin
water and in sediments of the Techa River, hydrologica data, and measured externa
gamma-exposure rates a and nearby the river;

The development (V orobiova and Degteva 1999) of ariver modd to describe the time-
and distance- dependent radionuclide concentrations and exposure rates aong the Techa
River;
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Use of the modd and other data to compute individud-body-burden histories and
resulting interna doses (Tolstykh et d. 1998) from dl radionuclides, including short-
lived radionuclides that had not been included in TRDS-96;

A mgor revison (Vorobiova et al. 1999a) in the computation of external dose based
upon the upgraded TRDS approach, the river model, are-evauation of al measurements
of externa gamma-exposure rates near the shoreline and in the living aress, and are-
examination of data pertaining to the amounts of time spent near the river and in other
locations, and

Evauation for the firgt time of the uncertainty in the calculated doses for members of the
ETRC.

A preliminary description of the generd gpproaches and initial data sets used for the
creation of the TRDS was provided by Degteva et al. (1996b). The TRDSisdesigned asa
modular database processor. That is, depending on the input data for an individud, various
elements of several TRDS databases are combined to provide the dosimetric variables requested
by the user. The input data include the following information for each member of the ETRC:
identification code, year of birth, year of entry to the catchment areg, year of migration from the
catchment ares, year of vitd status determination, and residence history within the contaminated
areas. These data are prepared and updated by members of the Registry Department who are
working on companion epidemiologic sudies.

3.1. BASIC EQUATIONS FOR DOSE CALCULATIONS
The method being used for the TRDS-2000 basic dose calculationsis rlatively smple
and can be written as a single equation:

: é o
D ééMyL a Iy,r,L ><DFr,o,Yy'-'-'A\a(;DRleyxT +DOutLyxT +DInLy T3iH'
y=l L EEr (] g Qﬂ

where
Do,y = Absorbed dose (Gy) in organ o accumulated to caendar year Y,
Y =The cdculationd endpoint for a particular individud (can vary within the range 1950—
2005);
y = Year of environmenta exposure (externd irradiation and intake of radionuclides);
P =The endpoint of externa exposure and intake of radionuclides for a particular
individud (can vary within the range 1950-1959);
L = River-location (village) idertifier;
My, = Fraction of year y spent in location L;
r= |1(3?’Ttlflel’ of ingested radionudlide (°Sr, °Sr, %5z, %Nb, 1%%Ry, 1Ry, 1¥7Cs, *41Ce, or
Ce);
lyr,. = Intake function (Bq year') for year y, radionudlide r, and location L (function of age,
related to y), further described below;
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DF: o,v.y = Conversion factor (Gy Bq™) for dose accumulated in organ o in year Y-y from intake
of radionuclider in year y (function of age, rdated to y);
Y-y = Time since inteke, years,
Ao = Conversion factor from absorbed dose in air to absorbed dose in organ o (function of
age, related to y);
Driv,Ly = Doseratein air near river shoreline at location L inyear y (Gy year™);
Dout,Ly = Doseratein ar outdoors within resdence areaat location L in year y (Gy year);
DinLy = Doseraein air indoors at location L inyear y (Gy year');
T1 =Time spent on river bank (relative to whole year) (function of age, related to y);
T, = Time spent outdoors (relative to whole year) (function of age, related to y); and
T3 = Time spent indoors (relative to whole year) (function of age, rlated to ).

Theintake function Iy, for each year y is caculated as.

— 1 Sr90 - Sr90 - Sr90 - r
Ir,L _IR aAge,R fL fL ’

where

| 390 = Annud *°Sr intake for adult residents of the reference settlement (Muslyumovo);

Sro0

Apger =AML 90gr intake for other age groups relative to that for adults living in the reference

Settlement;
f 5% = Annual ratio of *°Sr intake for location L to *°Sr intake for residents of the reference
settlement; and
f" =Annud ratio of nudide-to-*°Sr in the intake for location L.

3.2. TRDSDATABASES

The TRDS relies on extensive databases to compute the doses for each cohort member.
A summary of the system databasesis presented in Table 2. These databases were caculated
and modeled during the course of research performed in the frameworks of the current project.
A full description of the moddls and data sets used for the production of the TRDS databasesis
provided in Degteva et a. (2000a,b,c).

To recongtruct annua dose rates near the river and within residence areas [Driv,Ly,
Dout,L,y» DinLy (database TECH_EXT)] dl available results of exposure-rate measurements near
the Techa River were retrieved from the URCRM archives and databases (Vorobiova et d.
1999a). Tofill the ggpsin measured data the Techa River mode describing radionuclide
transport from the Ste of release dong the river and accumulation of radionuclides by bottom
sediments (Vorobiova and Degteva 1999) was used. Doseratesin air on the river banks were
caculated on the basis of modeled radionuclide concentrations in bottom sediments; for this
purpose coefficients (Eckerman and Ryman 1993) obtained by Monte Carlo smulations of air
kermawere used. The datain Table 3 are examples of data on dose rates near the river
(Vorobiovaet a. 19994) for two selected settlements.
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Table 2. TRDS system databases.

Syssem DB Form Content Model used  Source of data
TECH_LIST Fle List of Techasettlementsand codes(L) - URCRM
archives
TECH_EXT Library of For each of 39 settlements annual dose TechaRiver Database
39files rates near the river and within residence model ENVIRON-
areas (DRiv,L,yu DOut,L,yy DIn,L,y) MENT
REGIME Fle Ty, T,, T3 for age groups Behaviora URCRM
model Reports
DOS F Library of For each of 9 organs, age-dependent Monte Carlo Literature
ninefiles dose-conversion factors (A,) calculations
REPER File Annual S intakes for adult residentsof ~ Strontium90 ~ Database MAN
the reference settlement intake model
CHILD File Annual relative °Sr intakes for children ~ Strontium90  Database MAN
who lived in the reference settlement intake model
NUCL_STC  Library of Annual ratios of intake of *°Sr foreach ~ TechaRiver Database MAN
39files of 38 settlementsto that for reference model
settlement; and intake of nuclide-to->°Sr
for each of 39 settlements
Ogr, 89 Two Age- and time-dependent dose- URCRM Database MAN
libraries, conversion factors for different organs model for Sr
each of 31 (DFt o,v-y) metabolism
files
137Cs, 18Ry, 7libraries, Age- and time-dependent dose ICRP-67 Literature
108Ru, 7r, each of 9 conversion factors for different organs ~ models
SNb, 1*Ce,  files (DFrovy)
l4lce

Table 3. Doseratein air near the Techa River shoreline for sitesin

the upper and middle reaches of theriver.

Doseraeinar, nGy h'

Background

0.09-0.14

Cdendar year Metlino gte (7 km from Mudyumovo ste (78 km
the Ste of release) from the site of release)
1950 310 34
1951 1380 175
1952 470 55
1953 465 11
1954 250 9.9
1955 80 4.2
1956 80 4.2
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Modd behavior factors T1, To, T3 (database REGIME) were derived from observationa
data (Vorobiova et d. 19994) from the 1950s of typicd life-style patterns for different age
groups of Techa Riversde resdents. Table 4 exemplifies the data on behavior factors for
different age groups.

Age-dependent conversion factors from absorbed dose in air to absorbed dose in organs,
A, (database DOS F), were taken from the literature (Eckerman and Ryman 1993; Petouss et d.
1991). Table 5 exemplifies the data on converson factors for different age groups.

Asindicated in the basic dose equation, akey parameter in determining internd doseiis
the annud average-intake function, Iy, of radionuclider inyear y at location L. Thisfunction
is estimated from measurements of radionuclidesin resdents of Techa River villages. The
function has four factors: intekes of °°Sr asafunction of caendar year in adult residents of the
village of Muslyumovo (database REPER); the ratio of *°Sr intakes as a function of age and
calendar year for children to that for adultsin Musyumovo (database CHILD); the ratio of *°Sr

Table 4. Typical life patterns for different age groups of the Techa Riverside residents.

Period of time spent a specified Ste, hours per year

Age group, years Shoreline Rezrde?ce Residence area Fa ];:\(/)Q: e
(summer time) (outdoors) (indoors) (uncont_ami nated
territory)
<7 45 2235 6480 0
7-15 150 2130 5760 720
16-59 150 1410 3960 3240
360 150 2490 6120 0

Table 5. Conversion-factor ratios. Absorbed dose in organ-to-absorbed dosein air.

Age-dependent dose-conversion factors, Gy Gy ™

Organ <7y 7—17y 317y
Red bone marrow 0.85 0.76 0.73
Bone surface 1.37 1.22 1.18
Large Intestind wall 0.75 0.67 0.64
Smdl Intestind wall 0.73 0.65 0.62
Stomach wall 0.78 0.69 0.66
Testes 0.94 0.83 0.80
Ovaries 0.71 0.63 0.61

Uterus 0.72 0.64 0.62
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intakesin other villages to that in Mudyumovo (database NUCL_STC); and the annud ratios of
the intakes of other radionuclides to the intake of *°Sr (database NUCL_STC).

The most important radionuclide from a dosmetric standpoint for the affected population
is°Sy; this radionudlide has received specid attention for the determination of the intake
function. The details of the derivation of the *°Sr-intake function have been discussed by
Kozheurov and Degteva (1994). Basicdly, inference of the intake function is based upon beta
ray measurements of teeth surfaces of resdents of villages on the Techa River. Datafor the
residents of Mudyumovo Village are used as areference, because this village has a Sgnificant
population of 3000 persons and has been investigated in most detail due to the fact that it isthe
most contaminated of the unevacuated villages. Table 6 exemplifiesthe levels of *°Sr intake for
the adult (those born prior to 1940) and children’s cohorts of residents of the reference settlement
Musgyumovo on the Techa River.

To reconstruct *°Sr intake for other settlements, it was assumed that the ratio of median
intake to the median intake a Mudyumovo is equd to theratio of the median age- standardized
g contentsin the skeleton (by Satistical andysis of WBC data) for the investigated settlement
relaive to Musyumovo. As can be noted, the relative levels of intake depend on the distance
from the Ste of release and the main sources of drinking-water supply (Table 7).

Age-dependent mean-annud-intake levels for 13’Cs and short-lived radionudlides were
caculated on the basis of the following assumptions. Because most of the ingestion of
radionuclides occurred with the consumption of river water in 1950-1952, intakes of **’Cs and
short-lived radionudlides were derived from estimates of age-dependent intakes of *°Sr scaled in
terms of radionuclide composition of the river water. Theratios of radionuclide concentrations
to %°Sr as functions of calendar year and distance downstream from the site of relesse were
caculated using the Techa River Modd described in Vorobiova and Degteva (1999). The TRDS
database contains age- dependent median-annua-intake levels of 89Sr, %05y, %5zr, ®°Nb, %Ry,
106RU, 137CS, and 141,144Ce (Table 8)

Table 6. Example values of annual *°S intakes for different age cohorts of residents of
the reference settlement Muslyumovo on the Techa River.

Caendar Intake of *Sr for members of the following birth (by calendar year) cohorts, Bqy™
year £1940 1945 1946 1947 1948 1949
1950 208" 10° 137" 10° 119" 10° 978" 10° 750" 10° 499" 10°
1951 470" 10° 376" 10° 3417 10° 307" 10° 268" 10° 2217 10°
1952 462" 10° 415" 10° 393" 10° 366" 10° 339" 10° 310”7 10°
1953 861" 10* 830" 10* 802" 10* 775" 10° 739" 10* 7117 10*
1954 192" 10° 191" 10* 189" 10 185" 10* 182" 10* 177" 10*
1955 138" 10* 138" 10° 138" 10* 138" 10* 138" 10° 138" 10
1956 690" 10° 690" 10° 690" 10° 690" 10° 690" 10° 690" 10°
1957 583" 10° 588" 10° 588" 10° 583" 10° 588" 10° 588" 10°
1958 493" 10° 493" 10° 493" 10° 493" 10° 493" 10° 493" 10°

1959 339" 10° 339" 10° 339" 10° 339" 10° 339" 10° 339°

10°
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Table 7. Relative annual *°S intake (relative to Muslyumovo) for several settlements.

Distance from Location
Sattlement the ste of Main sources of drinking water factor
release, km fL

Metlino 7 TechaRiver and wells 0.52
Asanovo 33 TechaRiver and wells 0.51
Nadyrov Most 48 Weélsand Techa River 0.17
Ibragimovo 54 TechaRiver 13
Isaevo 60 TechaRiver and wells 0.53
Mudyumovo 78 TechaRiver 0.93
Kurmanovo 88 TechaRiver 0.58
Brodokal mak 109 Wells and Techa River 0.14
Russkaya Techa 138 Whdls and Techa River 0.19
N. Petropaviovskoye 148 TechaRiver and wells 0.46
Lobanovo 163 TechaRiver and wells 0.26
Anchugovo 174 Techa River and wells 0.35
V. Techa 176 TechaRiver and wells 0.39
Pershinkoye 212 Widlsand TechaRiver 0.16
Klyuchevskoye 223 Wells and TechaRiver 0.10
Zatechenskoye 237 TechaRiver and wells 0.20

To the extent possible, dose-conversion factors for internal exposure (DF; o,v.y) have been
based upon | CRP Publication 67 (ICRP 1993). An exception to thisis made for °°Sr, whichis
the major dose-forming nuclide for the Techa River residents and has been under specid
investigation. °°Sr-body burdens and tooth-beta counts have been measured for about half of the
ETRC members (including al age groups, al villages, and long time periods after the onset of
contamination). This database provides an objective bass for the development and vaidation of
biokinetic models. Asdemondtrated in Tolstykh et a. (2000a,b) the ICRP-67 biokinetic modedl
for drontium isinconsgstent with the detailed and long-term results of our study of the Techa
River resdents. Therefore, for the caculation of dose-conversion factors (exemplified in
Table 9) for 89%°Sr the hiokinetic model developed on the basis of Techa River datais used.

The gtructure of the TRDS code is demondrated in Fig. 3. Asilludrated, thefirst stepis
checking and filtering of resdence-history data by comparison with the roster of the
communities on the Techa River. Then, individualized internal and external doses are calculated
on the basis of age and persond residence- history information. Output datainclude organ doses
for each cdendar year for each member of the ETRC.
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Table 8. Relative intake of radionuclides at various distances from the site of release (values relative to corresponding *°S intake).

Examples are shown for the years of major intake.

Radionudlide intake relative to loca *°Sr

Settlement Cills;dsar 89 S 952r 95N b 103 Ru 106 Ru 137Cs 144Ce
Metlino 1950-1951 71”101 20 10' 40" 10! 17 10" 80" 10 14 6.2° 1072
(7 km) 1952 49° 10° 40 10° 50" 10® 297 10* 41" 10' 14 277 10°
1953 34°10° 80° 10° 96 10° 48 107 21" 10' 14 1.1 102
Muslyumovo 1950-1951 68° 10! 787102 21" 10 13" 10" 64" 10° 28 101 3.2 10?2
(78 km) 1952 47 10° 16710° 20" 10° 22 10% 33" 10% 28" 101 137 10?
1953 32°10° 317 10° 37 10° 37 10" 17 10 28 10* 57 10°
Brodokalmak 1950-1951 6.7 10 527102 16" 10! 12”10 58" 10" 14" 10' 24 10
(109 km) 1952 46°10° 10 10° 137 10° 20°10* 30" 10' 14" 10" 1.0 10°
1953 32°10° 20°10° 257 10° 33" 107 15" 10" 14" 10 43 10°
Zatechenskoye  1950-1951 637 101 947 10° 477 10% 737102 39 10! 767 10° 6.9 10°
(237 km) 1952 437 10° 197 10% 257104 12 10* 20  10% 767 10° 297 10°
1953 30°10° 37 10° 457 10° 20" 10" 10" 10" 76°10° 12 10°
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Table 9. Red bone marrow (RBM) dose-conversion factors (Gy Bq™) for the ingestion of °Sr.

Time (Y-y) since

Age at intake, years

Intake, years 1 5 15 20 30
1 183" 107 804" 10° 625" 10° 400" 108 349" 10°
2 259" 107 127" 107 107" 107 675" 10° 584" 10%
3 309" 107 159° 107 142" 107 899" 108 7.74° 108
4 345 107 183" 107 172" 107 109° 107 934" 108
5 3727 107 201" 107 198" 107 125" 107 107" 107
10 433" 107 240" 107 288" 107 179" 107 152" 107
20 453" 107 260" 107 369" 107 223" 107 189" 107
0 458" 107 266~ 107 399 107 238" 107 200" 107
40 460" 107 269 107 412" 107 244" 107 204" 107
50 461" 107 2717 107 418" 107 246" 107 206" 107

Techa River Dosmetry System
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Fig. 3. Schematic diagram of the Techa River Dosimetry System-2000 code.
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3.3. EXAMPLE CASE HISTORIES

To illugtrate the process of dose calculation, initid data and TRDS results for two cases
in the ETRC are presented and discussed. A summary of pertinent information, obtained from
URCRM database MAN (described in Degteva et a. 1996¢) for these cases, isshown in
Table 10. Both example persons lived on the Techa River for their entire lives. Caculations of
lifetime external and internal dose to the RBM are presented in Tables 11 and 12.

Table 11 illugtrates the calculation of external dose for Case 1. This person was exposed
in Metlino during five years (1950-1954) plus two months of 1955 before death in. According
to his age a exposure, his behaviord factors (T1, T2, and Ts) correspond to the last line of
Table 4, and the organ-dose factor, Ag , istaken from the last column of Table 5. Because the
range of attained age for this case belongs to asingle category (>60 years) during 1950-1955,
these factors do not change during the period of exposure. Annual and cumulative RBM doses
from externd sources are shown in the last column.

Table 12 illustrates the calculation of interna dose due to *°Sr intake for Case 2. The
individua caculationd endpoint for this caseis 1994. This person changed his place of
resdencein 1953; his levels of intake are calculated by multiplying fi, My, and reference annual
intake for hisage group 15 (first column of Table 6). Dose-conversion factors corresponding
to the age at intake and time interval between the year of intake and the caculationa endpoint
are shown in column 9, cumulative doses from annua intakes and total RBM doses due to *°Sr
intake are shown in the last column.

Table 10. Case-history data for the two example cases for which results
are presented in Tables 11 and 12.

Informetion Case 1l Case 2
| dentification code 611 65737
Date of birth 1881 4 June 1928
Sex Mde Male
Residence history Metlino: 1881—Feb. 1955 Ibragimovo: June 1928-June 1953
Mudyumovo: June 1953-Dec. 1994
Vitd gatus Died Died

Date of vitd status 7 February 1955 4 December 1994
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Table 11. Calculated external dose to the red bone marrow (RBM) for Case 1. Case-history data are provided in Table 10.

Y ear of . Age, DRiv,L, , DOut,L, , D| n,L,ys RBM
exposure Location My, yeas Gy y‘¥ mGy y}/1 mGy ;// ! 1 T2 Ts Ao dose, Gy
1950 Metlino 1 69 2.72 27.2 12.2 0.017 0.284 0.699 0.73 0.045
1951 Metlino 1 70 12.0 120 54.0 0.017 0.284 0.699 0.73 0.203
1952 Metlino 1 71 412 41.2 18.5 0.017 0.284 0.699 0.73 0.069
1953 Metlino 1 72 4.07 40.7 18.3 0.017 0.284 0.699 0.73 0.068
1954 Metlino 1 73 2.19 21.9 0.86 0.017 0.284 0.699 0.73 0.036
1955 Metlino 0.17 74 0.70 7.0 3.15 0.017 0.284 0.699 0.73 0.001

Total dose 0.42

Table 12. Calculated internal dose to the red bone marrow (RBM) for Case 2. Case-history data are provided in Table 10.

Location  Reference Individud Agea Timesnce
\i(r?:kce)f Location factor, %S intke, My, Ogr inteke, in?ake intake, %';r éé ¥ RBMGSO%’
fL By By years years
1950  Ibragimovo 1.26 2.08" 10° 1 2.62° 10° 22 44 244" 10" 639  10*
1951  Ibragimovo 1.26 4707 10° 1 592" 10° 23 43 241" 107 143" 10%
1952  Ibragimovo 1.26 462° 10° 1 5.82° 10° 24 42 2337 107 136" 10*
1953  Ibragimovo 1.26 8.61" 10 05 943" 10* 25 41 225 107 212 10°
Mudyumovo 0.93 0.5
1954  Mudyumovo 0.93 1.92° 10 1 1.79° 10* 26 40 218" 107 389  10°
1955  Mudyumovo 0.93 1.38" 10 1 1.28° 10* 27 39 213" 107 273" 103
1956 Mudyumovo  0.93 6.90" 10° 1 6.42° 10° 28 38 210" 107 135 103
1957  Mudyumovo 0.93 588 10° 1 547" 10° 29 37 207 107 113" 103
1958 Mudyumovo  0.93 493" 10° 1 458 10° 30 36 204”107 935" 10
1959  Mudyumovo 0.93 339" 10° 1 315" 10° 31 35 202" 107 637 10

Totd dose 0.95
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3.4. DOSIMETRIC DATA AVAILABLE FOR RISK ANALYSIS

Cdculated results of dose for members of the ETRC are contained in database
INDIVIDUALIZED DOSES located on the URCRM centra server. This databaseis the
respongbility of the URCRM Biophysics Laboratory and is available to the epidemiologists
involved in risk assessment. All dosesto be provided in the database are for absorbed doses with
no radiation- or tissue-weighting factors applied (possible doses from ingested a pha-emitting
radionuclides are believed to be inggnificant and are not consdered). A unique identifier (1C)
for each ETRC member is provided. This|C can be used to link dosimetric datato
epidemiologic data on diagnoses as well as date of birth, sex, ethnicity, resdence history, and
date of vital status determination or any other information from database MAN.

The organs for which doses are cdculated are the following: red bone marrow, bone
surface, somach wal, small intestina wall, upper large intestind wall, lower large intestind
wall, testes, ovaries and uterus. It is possible to includein thislist other organs for which dose
factors have been tabulated by the ICRP. In generd, the criterion for the caculation of doseto a
gpecific organ is whether the dose to that organ is Sgnificantly different from the average dose to
the other organs.

Cumulative doses are provided for each person on a year-by-year bass sarting from the
first year of exposure (1950 for those who lived on the Techa River at the onset of contamination
or the year of migration to Techa Riversde communities). The caculationd endpoint, Y, can
vary according to the analyst’ swishes, for aparticular individud it might be the year of desth,
the year of exit from the cohort due to migration, the year of vital status determination, or the
date of “fixing” the cohort for andysis. Y could aso be any or dl of the above minus some
presumed latent period for cancer induction. Also, it is possible to perform specific caculations,
if desired by the anay<t; for example, to examine the association of risk with only externa dose
or only internad dose from one or more radionuclides.

4. ANALYS SOF REVISED DOSES

Thefirgt verson of the dosmetry sysem (TRDS-96) was devel oped at the URCRM
within the framework of a contract with the Federd Department of the Russan Ministry of
Hedlth (Degteva et d. 1996€). TRDS-96 included intake levels for only 8Sr, °°Sr and 3’ Cs for
the cdculation of internd dose and smplifying assumptions (discussed below) were used for the
caculation of externd dose. Comparisons of TRDS-96-based dose assessmentswith preiminary
vaues caculated using the new verson of the sysem (TRDS-2000, which is discussed in this
paper) demondrate the improvements in dose recongtruction obtained in the framework of this
JCCRER Project. All cdculations are performed for the 1996 freeze of the ETRC in order to
demondtrate the changes connected only with the new methodology of dose assessment. Dose
digtributions for the next freeze of the ETRC (2000) will be calculated on the basis of improved
individua data after these data have been provided by the URCRM Registry Department. The
improvements in follow up datawill introduce only minor changes in dose digtributions; these
changes will be due to the verification of individua-residence histories and/or information on
birth dates and vita status for some portion of ETRC members.
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4.1. INTERNAL DOSES

As described above, internal doses for members of the ETRC are caculated on the basis
of age- and |ocation-specific mean-annud- intake levels of radionuclides, age- dependent
biokinetic modes for radionuclides, and individua-residence histories for each subject. Hg. 4
presents the distributions of internd dose in red bone marrow (RBM) and bone surface (BS)
among the members of the ETRC. As seen, more than hdf of the people have internal RBM
doses between 0.1 and 0.5 Gy. Absorbed doses in cells on bone surfaces (BS) have the same
digtributions as do the RBM doses, but the vaues are about two times higher. Asmost of these
doses are due to *°Sr, the new (TRDS-2000) vaues are not greatly different from the old (TRDS-
1996) vaues. However, two changes have been made. Thefirg isthat the new doses include
contribution from additiond radionuclides, which increases the caculated doses. The second
changeis that the statistical evaluation of the distribution *°Sr doses (Degteva et d. 1999) hasled
to the use of amedian vaue for the individua-to-model ratios rather than the arithmetic mean
vaue used previoudy. This has decreased the caculated estimates of dose.

Fig. 5 demongtrates the distributions of doseto the LLI and ULI among members of the
ETRC. Comparison of the old (TRDS-1996) and new (TRDS-2000) vaues shows that the
inclusion of short-lived radionuclides results in athregfold increase in dose for the upper Techa
River resdents. Maxima vaues become 0.98 Gy ingtead of 0.38 Gy for the LLI and 0.34 Gy
instead of 0.12 Gy for the ULI. The old TRDS approach gave an average vaue of absorbed dose
for all tissues except RBM, BS, ULI and LLI walls, because only **’Cs, which has uniform
distribution throughout the body, was taken into account. The levels of interna dose for other
Soft tissues were lower than 0.047 Gy for dl members of the ETRC and lower than 0.02 Gy for
95% of people. The new TRDS approach alows the separate consideration of other parts of the
gastrointesting tract (smdl intestine and stomach), which have devated exposure due to the
ingestion of radionuclides with low gastrointesting absorption (such as °°Zr, ®°Nb, *4Ce, etc.).
The new calculation shows that the dose to the smdl intestine of the upper Techa River residents
increases by 50% and reaches avalue of 0.07 Gy. Asfor the somach, testes, ovaries, and uterus,
the incluson of short-lived radionuclides resultsin an incresse of less than 10% in absorbed dose
for the upper TechaRiver resdents. The distributions of dose for these tissues are very smilar:
The maximum level is 0.05 Gy and about 90% of people have doses lower than 0.02 Gy. The
primary radionuclide contributing to internal dose in these tissues (as well asfor other tissues not
considered separately) is *'Cs.

4.2. EXTERNAL DOSES

Theresults of calculations of external dose have shown that the new assessments are
sgnificantly lower than the externd doses evaluated in 1990 and published in 1994 (Degteva et
a. 1994). Fig. 6 showsthe digtributions of the “old” and the “new” externa doses for permanent
resdents of villages dong the Techa River (those who lived a the same location during the
entire period of the releases). The causes of the substantial decrease in the estimates of externa
doses are the following.

Firg, in the absence of exposure-rate measurements dong the entire river in the early
period, the following assumptions were made for the old calculations:
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Fig. 4. Distribution of dosesto upper) the red bone marrow (RBM) and lower) the bone
surface fromingestion of radionuclides for members of the ETRC.
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Fig. 5. Distributions of “ old” and “ new” dosesto upper) the lower large intestinal (LLI)wall
and lower) the upper large intestinal (ULI) wall. The new doses tend to be higher due to the
inclusion of additional short-lived radionuclidesin the analysis.
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Fig. 6. Distributions of estimates of external dose for the” old” and “ new” calculations.
The new estimates are substantially less than the old estimates.

The decrease of exposure rate with downstream distance in 1951 was the same as was the
decrease of concentration of beta-emitting radionuclides in river water (exposure rates
measured in 1951 near the Site of release were used as the “ starting points’); and

The levels of externa exposure rates were the same in 1951 and 1950, because annua
levels of released activity were gpproximately the same in these two years.

The analysis of higtorical monitoring data and the modeling of radionuclide trangport in
river water and bottom sediments has shown that both of these assumptions result in Sgnificant
overestimates of externa doses, because the decrease of exposure rate with distance was
sgnificantly greeter than was the decrease in concentrations of radionuclidesin water, and the
amount of activity accumulated in bottom sedimentsin 1951 was sgnificantly higher than in
1950 (Vorobiovaet a. 1997). Thus, the development of the Techa River modd and the more in-
depth andysis of historica monitoring data have led to more gppropriately modeled va ues of
absorbed dose in air for the important years of 1950 and 1951.
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Second, dose rates within residence areas were assumed in the old calculations to be the
same for an entire settlement and were based on the first line of households (closest to the
riverbank). This assumption was another cause of overestimation of externa doses for those
who lived in houses located farther from the riverbank. The study of the variations in gamma-
exposure rate within resdence areas as afunction of distance from the river (Vorobiovaet d.
19993) has led to an evauation of the ranges of exposure rate within resdence areas and the
calculation of weighted-average values for each settlement.

Third, asdescribed in Vorobiova et al. (19994) and Degteva et a. (2000c), the behaviora
factors used in the old dose assessments had been evauated for critical groups for radiation
protection purposes. These old assumptions resulted in overestimation of the time thet the
average person spent near the shoreline, where the externa exposure rates were the highest.

New evauations are now used in the revised modd; these revised evaluations are dso
comparable with two other independent, recent studies (Vorobiova et d. 1999a; Degteva et d.
2000c).

The digtributions of total dose accumulated through 1990 for about 30,000 members of
the ETRC are shown in Table 13. The mgority of persons received soft tissue doses within the
range of 1-10 mGy, 10-100 mGy for the colon and 100-1000 mGy for the red bone marrow and
bone surface. The maximum dose was 4.4 Gy to the bone surface.

5. QUALITY ASSURANCE

Much of the work accomplished as the main part of this project is of the nature of qudity
control/quality assurance. The modds and databases used in TRDS-2000 have been vdidated by
comparison with experimental data (as discussed below). One of the primary aspects of the
overal project has been the recaibration of the URCRM whole-body bremsstrahlung counter
(WBC), whichisacritical component of the sudy in terms of providing primary data for the
internal dose recongtruction. The situation for this dose-recongruction effort is highly unusud in
that about haf of the individuals making up the ETRC have been counted at least oncein the
unique URCRM WBC,; thus, the body burdens of the most significant (in terms of dose)
radionuclide ®°Sr have been measured directly. The ®°Sr-body burdens measured for the TRC
members have been used for the development of the age-dependent strontium metabolic model
(thismode has been utilized to produce TRDS-2000 databases SR90 and SR89) and for the
reconstruction of the relative *°Sr intakes for the Techa Riverside settlements (TRDS-2000
database NUCL_STC).

5.1. WHOLE-BODY COUNTER RECALIBRATION AND MODIFICATION

The data set of whole-body counter measurements (part of database MAN) is critical to
the success of effortsto provide individua doses. The URCRM whole-body counter (WBC),
which is identified as SICH-9.1, has been used since 1974 to measure *°Sr, **’Csand *°K in
people (Kozheurov 1994). The messurements of *°Sr were achieved by measuring with a
phoswich detector the bremsstrahlung of *°Y (daughter of °°Sr with a hdlf-life of 64 h) betarays;
for this purpose scanning-bed geometry enclosed in a specia shielding room was used
(Kozheurov 1994). Anaysesof 3’Cs and “°K were accomplished a the same time with the
same detector by the measurement”of their photopesks (photons with energy ranges
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Table 13. Distribution of total dose accumulated through 1990 for about 30,000 members of the ETRC. The upper part of the table
gives the distributions of dose by percentiles of the total dose. The lower part of the table gives the percentage of the population
within several dose ranges. Highlighted values indicate the dose range received by the majority of the population.

Totd dose, Gy:
Organ 10% 25% 50% 75% 90% Maxima
Red bone marrow 0.0017 0.029 0.12 0.34 0.63 1.7
Bone surface 0.0028 0.047 0.22 0.62 12 4.4
Lower large intestina wall 0.00088 0.017 0.054 0.16 0.33 0.92
Upper large intestina wall 0.00069 0.0075 0.021 0.060 0.16 0.54
Smdl intestind wall 0.00055 0.0026 0.0056 0.017 0.048 0.42
Stomach wall 0.00056 0.0024 0.0045 0.014 0.046 0.44
Testes 0.00064 0.0024 0.0043 0.014 0.052 0.52
Ovaries 0.0005 0.0021 0.0037 0.013 0.044 0.41
Uterus 0.0005 0.0021 0.0036 0.012 0.044 0.41
Per cent of population:
Organ £1 mGy 1-10 mGy 10100 mGy 100 mGy-1 Gy >1 Gy
Red bone marrow 7.9 12 23 55 1.7
Bone surface 9.0 9.5 13 57 11
Lower large intestind wall 11 12 44 34 -
Upper large intestind wall 12 16 54 18 -
Smdl intestind wall 14 56 22 7.7 -
Stomach wall 14 58 20 7.6 -
Testes 13 59 20 8.2 -
Ovaries 16 58 20 7.1 -

Uterus 15 58 20 7.1 -
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620740 keV and 1400-1580 keV, respectively). For theorigind calibration of the WBC in
1973, two surrogate-human structures of limited useful life were used. More than 30,000
measurements were carried out during the fallowing 25-year period on more than 15,000 people.
The minima detectable *°Sr activity was evaluated as 1.85 kBg; the maximal activity measured
for anindividud of the TRC was 230 kBg.

It must be noted that an extensive autopsy program has been under way at URCRM
during the same period (Tolstykh et d. 1998; Degteva et d. 1998). This autopsy program
included the radiochemical measurements of °°Sr in bone samples from autopsies of Urals
resdents. Thisautopsy program was reduced only after a sufficient number of ETRC members
were measured in vivo with the WBC and their °°Sr-body- burdens, derived from WBC
measurements, were vaidated by the results of the analysis of post mortem samples (Tolstykh et
al. 1998; Degteva et d. 1998). The consstency of these two methods was confirmed, and this
serves as amgor qudity-assurance check for the critically important WBC data.

In addition, to vadidate the WBC data s&t, the measurement system was once again
calibrated in 1998 using a specialy constructed anthropomorphic phantom that contains %°Sr
distributed through smulated bones and another set of phantoms containing “°K and **’Cs
(Kozheurov et d. 1998). The strontium phantom (FST-06T) is shaped as an anatomica model of
|CRP Reference Man (ICRP 1975). The phantom contains an activity of 44+2 kBq of *°Sr (plus
an equa amount of its daughter °°Y)) uniformly distributed in the skeleton mass. The design of
this phantom has been discussed at the Workshop “In vivo measurements of interna
contamination: New techniques for new needs’ in 25- 28 May, 1999, Moal, Belgium, and
described in detail by Kovtun et d. (2000).

In generd, the calibration factors obtained in 1973 and in 1998 agree quite well—the
more important ones are within afew percent and al factors agree within 16% (Kozheurov et d.
1998). The spectrum of bremsstrahlung radiation of °Sr-*°Y obtained by messuring the FST-
06T phantom with whole-body counter SICH-9.1 is presented in Fig. 7a (the duration of the
measurement is 980 min.). For comparison, an anaogous spectrum from areal person who lived
on the Techa Riverside (IC 66375, male aged 57; with body burden of 12 +2 kBq of *°Sr; the
duration of measurement is 80 min) is presented in Fig. 7b. Figs. 7 (g b) demongrate that the
bremsstrahlung production and the spectrum from the phantom is comparable to that from ared
human and of the same shape. The results of the repested cdibration with the FST-06T phantom
once again confirmed the reliability and credibility of the data set of multiple WBC
measurements.

The condition in 1998 of the origind SICH-9.1 detectors and e ectronic equipment was
poor. In order to provide for the continuation of the individua body-burden monitoring
program, anew set of detectors and a new eectronic system for spectrum analysis was specified
and purchased in the course of the current project. It was decided to use the same shielding room
and the same geometry of measurements (scanning-bed), as well as the same type of detectors
(phoswich). The Univergity of Utah sent out a request-for-bid package in early 1998. The
winning bid was received from “Pribori Oy”, an officid didributor of EG& G ORTECH, and the
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Fig. 7. SICH-9.1 bremsstrahlung spectra of *°S/°°Y obtained from upper) the FST-06T phantom
and lower) a real person with 90 incorporated in the skeleton.

order was placed in November 1998. This equipment was ingtalled at URCRM by Pribori Oy
during July 1999 and has been formally accepted. Fig. 8 demondirates severa views of the new
set of equipment, with the FST-06T phantom placed as a*“ subject” undergoing measurement.



Fig. 8. Several views of the updated whole body counter with the new phantom placed as a “ subject” to be measured.
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5.2. VALIDATION OF THE STRONTIUM BIOKINETIC MODEL

An age-dependent strontium biokinetic modd was elaborated for dose estimation of the
resdents of the villages dong the Techa River (Degteva and Kozheurov 1994). This model
takes into account changes in metabolic parameters throughout the entire life of the subject,
beginning with bone formation and growth in childhood and including loss of skeletd caciumin
old age. Age dependencies for the modedl parameters were obtained by fitsto available data sets
of °°Sr measurementsin humans. Datawith different schedules of intake were used for
parameter evauation: 1) the age dependence of long-term *°Sr-body burdens as measured by the
WBC of the resdents of Mudyumovo Village on the Techa River in 1976 (Degteva and
Kozheurov 1994); 2) United Kingdom (nationa survey) and United States (New Y ork and
San Francisco) dataon °°Sr from global fallout as reported by Papworth and Vennart (1984) and
Leggett et d. (1982); and 3) experimenta datawith asingleintake of #°Sr to volunteers
(Likhtarev et d. 1975).

In order to vaidate the age-dependent biokinetic modd for strontium, modd predictions
were compared with experimenta data other than that used for the evaluation of model
parameters (Degteva and Kozheurov 1994; Degteva et a. 1996d). It has been found that model
predictions are in reasonable agreement with the measurements of global °°Sr in children’s bones
from the Glasgow survey (Warren 1972) and also with data from the Czech Republic (Muller
1970). In addition, modd calculations were compared with measured levels for adults (autopsy
data plus WBC data obtained after 1976) obtained from 40 years of observation on the Techa
River (Tolstykh et d. 1998). Fig. 9a demonstrates mean levels for the upper- and mid-Techa
region where the measurements were started in 1951, and Fig. 9b shows the measurements for
the lower reaches that were started after 1956. Two model curves outline the corridor of values
for age cohorts included in the measurements. The consstency of model caculations and
measured vauesis obvious.

In addition, predictions of *°Sr-body burden were performed using URCRM and ICRP67
(ICRP 1993) biokinetic models for the area contaminated as a result of the Chernobyl accident
(7-12 years after the accident) and for Mudyumovo Village on the Techa River (30- 45 years
after the onset of contamination). The comparison of these cdculations with the results of actud
messurements (autopsy data obtained in 1993-1998 for the Zhitomir Oblast contaminated as a
result of the Chernobyl accident and WBC measurements obtained in 1978- 1994 for the
resdents of Mudyumovo) has been described by Tolstykh et a. (20008). This comparison has
demondtrated that both biokinetic models (URCRM and ICRP67) satisfactorily describe the
measurements for adults in the case of Chernobyl accident. Applied to other ages, the URCRM
model curves are in good agreement with *°Sr-body burdens measured with the SICH-9.1 WBC
between 1978 and 1994 for al age cohorts of the Mudyumovo residents. (Recall that WBC data
obtained in 1974-1978 only have been used for modd-parameter evauation.) The ICRP67
mode predictions were found to be higher than the WBC data for people aged 10- 20 at the onset
of intake, and lower by afactor about 1.5-1.8 for children aged 1-5 at the onset of intake
(Tolstykh et a. 2000a).
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Fig. 9. Mean levels of *°S in adult humans for the Techa Riverside settlements (a) up to 80 km
fromthe site of release and (b) for distances of 90-150 km. The model curves outline the
corridor of values between age cohorts born in 1900 and 1920.

The consstency between the URCRM strontium biokinetic modd caculations and the
results of actuad measurements in humans of different ages for different schedules of intake and
for time periods aslong as 45 years after intake assures the rdiability of thismodd used in
TRDS-2000 for the calculation of internal doses due to °Sr.
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5.3. VALIDATION OF THE TECHA RIVER MODEL

The Techa River mode was developed to reconstruct radionuclide concentrationsin
water and sediments for the early period of contamination between 1949 and 1951. This model
is used in TRDS-2000 for the calculation of relative intakes of 3’Cs and short-lived
radionuclides (database NUCL_STC) and for the reconstruction of exposure rates on the river
bank (database TECH_EXT) for the period 1949-1951, when there were no appropriate
measurements.

As demongtrated by Vorobiova and Degteva (1999), this mode successfully correlates
the rates of releases as reconstructed by the Mayak experts, hydrologica data, and available
environmenta monitoring data. Two data sets have been used to evaluate model parameters.

Results of experiments on physica modeling of radionuclide behavior in different kinds
of atificia reservoirs carried out in 1952-1955 in the Urds, and

Measurements of specific beta activity in the water of the Techa River dong the distance
from the Site of release for 1951.

Parameter estimates obtained for the Techa River are compatible with vaues published in
the literature for asmilar watercourse (Schaeffer 1975). Also, the calculated rates- of-change of
905 and 13" Cs concentration in water for the period of massive releases are in reasonable
agreement with the results of measurements of these long-lived radionuclides performed in the
1960’ s and 1970’ s for flood-plain soils extensvely contaminated in 1951 (V orobiova and
Degteva 1999). The Techa River modd predictions are dso vaidated by experimenta data on
radionuclide concentration in bottom sediments (these data have not been used for the evauation
of model parameters).

An important result of the modeling was the ability to recongtruct externa gamma-dose
ratesin air near the riverbank. These dose rates were caculated for 1950-1951 on the basis of
modeled and measured radionuclide concentrations in bottom sediments using two different
methods, and the results showed reasonable agreement each other (\V orobiova and Degteva
1999). The results of analogous cdculations performed for 1952 were vaidated by actua
measurements. The close agreement of the vaues calculated using both gpproaches and
measurement results provides assurance that the levels of river-system contamination in 1949—
1950 and the externd gamma- dose rates recongtructed using this model are sufficiently reliable.

5.4. POSSIBILITIES FOR THE VALIDATION OF EXTERNAL DOSES

As discussed above, there are important reasons to consider the old calculations of
externa doses as overestimates. Because of significant reductions in external dose thet are due
to avariety of factors and because of the substantid uncertainty that is attached to the estimates
of externa dose, the vaidation of the new assessments of externa doseis now an issue of mgor
importance. The more useful, accepted methods of vaidation are measurements of luminescence
of quartz extracted from bricks and, more importantly, the measurement of dosein teeth of
ETRC members through the technique of e ectron paramagnetic resonance (EPR). These
activitieswere included in our origind project, and progress had been made before these
activities were cancelled.
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The gpplicability of the use of “naturd” solid-state dosimeters, such as quartz (a
component of bricks) and hydroxyapatite (a component of tooth and bone tissue) has been
investigated within the framework of this JCCRER Project and a separate project for INCO-
COPERNICUS (Coordinator is Dr. Peter Jacob, GSF, Germany). Samples of bricks from
abandoned buildings located near the Techa shoreline were collected, the quartz was extracted
from the bricks, and doses were assessed using the thermoluminescence (TL) method (Bougrov
et al. 1998, 1999). Monte Carlo smulations of doses accrued in bricks were performed for the
geometries of exposure specific to the sample Stes on the basis of the dose ratesin ar near the
shordline as recongtructed with the Techa River modd. 1t was found that the calculated and TL-
measured doses in bricks are in reasonable agreement (Bougrov et a. 1999). This study has
demondrated the potentid of the luminescence method in combination with Monte Carlo
amulations of radiation transport a sampling Stes for the vaidation of environmental dosesin
the upper and middle Techaregion.

A pilot study (Romanyukha et d. 1996a; 1996b) has been performed to measure dose
received by teeth as determined by EPR anadlyss. This pilot study has confirmed the
goplicability of EPR for retrogpective individua-dose evaduation. This method, based upon
measurements of samples collected for dental health reasons, dso provides the capability for the
vaidation of estimates of uncertainty in assessment of externd dose. An andyssof the
territoria digtribution of living subjects included in the ETRC has been performed to show that it
isfeasble to arrange a specid system for obtaining sufficient numbers of tooth samples for EPR
anayses (Degteva et d. 1997). Also, some studies were carried out with the purpose of
improving the experimenta technique (Romanyukha et d. 1999, 2000; Haskell et a. 2000).
Preiminary comparison of individua doses measured by EPR and TRDS-2000- based externd
dose caculations for severd residents of Metlino Village (the upper Techaregion) showed
reasonable agreement (Degteva et d. 2000d). Also, it has been shown by Tolstykh et d. (2000b)
that, for the middle Techa region, EPR doses are comparable with the sum of background dose
plus dose from incorporated *°Sr (the latter has been calculated using Monte Carlo smulation of
electron trangport in tooth tissues). This finding confirms that the external component of total
dose for the middle and lower Techaregion was rdatively low. In generd, these studies have
demondtrated the potential of EPR methods for the vdidation of individua externd dosesfor
members of the ETRC.

An andyss of gable trandocations usng the fluorescence in Situ hybridization (FISH)
method was performed for severd residents of villages dong the Techa River (Bauchinger et d.
1998). Thefindings obtained in this study verified that the “old” assessments of externa dose
were overestimates. Some efforts aso were made to improve the technique of Setistical
treatment of the FISH assay results to provide more correct interpretation of individua results
(Anspaugh et d. 2000). The approach suggested could permit use of the FISH method as one of
the experimenta methods for validation of external doses for the members of the ETRC.

The comparative analysis of the gpplications of the above three retrospective dosmetry
methods (TL, EPR, and FISH) for the first vaidation of external doses for the Metlino site
(Degteva et d. 2000d) indicates that it is feasible to vaidate TRDS-2000 externa dose estimates
in the future.
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6. TRDS-2000 UNCERTAINTY ASSESSMENT

Examination of the sources and magnitudes of uncertainty in radiation doses to
individuasin the ETRC is an important task of the current project. At the present time, the
andyss of uncertainties for each of the individud doses estimated by the TRDS modd is
incomplete, but the source of information for each termin the TRDS-2000 dose equation has
been evauated and the gpproach for estimating uncertainty has been developed.

6.1. APPROACH TO ESTIMATING UNCERTAINTIES

The TRDS-2000 caculation of uncertainty is based on stochastic gpplication of the basic
equation described in Section 3.1. The mean, median, percentiles, and other descriptive
parameters of the individuals radiation doses are calculated usng Monte Carlo smulations. The
required inputs for these analyses have been devel oped during the course of Project 1.1. The
actud results vary depending on the andysis being undertaken, i.e.,, the specific individud, the
cadculaiond endpoint year Y, organ of interest 0, and route of exposure (interna or externd).
Example results are presented below.

Inthe basic equation, the term My, comes from individud-life- history information and is
aseries of congtants. All of the other parameter values are either calculated or approximated and
have associated uncertainty.

The key radionuclideintake term Iy, . has avery complex uncertainty structure (Degteva
et d. 1999n). The variation of intake levels within asingle village and age cohort depends
mainly on the source of drinking-water supply. In the TRDS-2000 system, the village-average
WBC-determined body burdens of *°Sr have been used to derive the deterministic estimate of
accumulated dose. The village average is derived from the entire distribution of measured body
burdens of residents of that village. The relation of the actua measurements to the modd
predictions is described using Individua-to-Modd Ratios (IMR) (Degteva et a. 1999b). For a
person of aget at the beginning of intake and who was measured by WBC at the year tn,, the
vaueof IMRis determined asthe ratio of an individua-body-burden measurement, Aing(t,tm), to
the value derived from the reference mode (representing a permanent resident adult in
Mudyumovo), Amod(t ,tm):

IMR = Ay () [ A € t)]

In the case of repeated measurements, the value of IMR is determined as the average of dl ratios
of WBC measurements-to-the respective reference-modd vadues. IMRs serve as age- and time-
normalized values that permit the analysis of the entire set of individua data.on *°Sr in members
of the ETRC.

The uncertainty in intake and retention of *°Sr for any oneindividua within the village is
defined by the actud digtribution of IMR developed for that village (Degteva et d. 1999b). The
IMRincludes dl the TRDS-2000 parameters that go into estimation of term |y, except the
location factorsfL. Asdefined and presented in Degteva et d. (1999b), the IMR istheratio of the
measurement for a gpecific village to the prediction made asiif that individual lived in
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Muslyumovo. Thus, it is hecessary to adjust the basic IMR to the spedific village by dividing it
by the factor f,%°, defined in Section 2 asthe annud ratio of °Sr intake for location L to *°Sr
intake for residents of the reference settlement of Mudyumovo. Thus, the normdized IMRis
actudly the ratio of the actud measurements to the mode prediction for the specific location.
This normaization provides the appropriate magnitude of the range of uncertainty for the
predicted intakes.

The normdized IMR s are time-integrated quantities, in that they reflect the deviation of
totd lifetime intake and retention from that predicted by the TRDS environmenta and exposure
models. However, it is reasonable to assume that particular individuals would have smilar
behavior from one year to the next, and thet the inter-annud variaion is captured in the total
normdized IMR. Thus, the digribution of normalized IMR s for each village can be used to
edimate the annud digtribution of intakes and retentions for residents of that village. Because of
these congderations, it is not necessary to modd explicitly the various components of drinking-
water source, diet, uptake, or metabolism that go into estimation of the radionuclide-intake term
lvL; this gregtly smplifies the uncertainty andyses. The digtribution shape and range of the
term Iy is defined for each village by the village- specific normdized IMR' s.

Dose-conversion factors, DF; o,v.y , are calculated using biokinetic models, and their
uncertainties are determined mainly by the variability of metabolic parameters (Shagina et dl.
2000). However, for °°Sr, theindividua variability in uptake and metabolism is actudly
captured in the IMR values because the IMR s reflect not only intake but aso long-term
retention. The remaining uncertainties in the dosmetric modd are embodied within the specific
effective energy quantity and are associated mainly with variations in masses, shapes and
locations of the organ and tissue of the human body and with oversmplifications of the
representations of certain complex anatomica sructures in the body when caculating the energy
deposition (NCRP 1998). Thus, the uncertainty in the dose-conversion component for °°Sr is
relatively low. For this assessment, this variability has been gpproximated as alognormd
digtribution with a geometric sandard deviation of 1.25. The uncertainties in the dose-
converson factors for other radionuclides are larger, reflecting the lack of avalable
measurements and the potentia for individud variations in uptake and retention. The vaues for
the dose factors for other radionuclides can be considered as lognorma with geometric standard
deviations of about two. Because individua variaions in uptake and retention will vary less
from year to year than the variation between individuas, the dose-factor variability ished
congtant from year to year for asingle redization of the dose estimate and only varied for
additiond redlizations.

One additiona uncertainty term is needed for the non-*°Sr radionuclides to address the
ratio of intakes of these nudidesto °°Sr. Thisistheterm f/", the annud ratio of nudlide-to-*°Sr
inthe intake for location L defined in Section 2. Because the intakes were primarily from
drinking water, the intakes are proportiona to the estimated concentrations of these
radionuclides in river water. These ratios are currently estimated based on the results of the
Techa River modd (Vorobiovaand Degteva 1999). Thus, uncertainties in the intake are directly
proportiona to uncertainties in predicted concentrations in river water. Based on the deta
presented in VVorobiova and Degteva (1999), the predicted concentrations could vary by up to
50% with different selection of trangport parameters based on available data. For the uncertainty
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andysis, auniform distribution between 0.5 and 1.5 has been used for each radionuclide. Thisis
an areafor future evaluation. Sengtivity andyses for Mudyumovo indicate that this uncertainty
contributes very little to the total uncertainty for red bone marrow doses, because the internal
doses are dominated by the contribution from °°Sr. The uncertaintiesin thisterm are relatively
more important for organs of the gastrointestind tract, because more of the dose resulted from
these other radionuclides.

The conversion factors from absorbed dose in air to absorbed dose in organ o, Ao, are
presented in Table 5 and have aweak dependence on radiation energy. However, thereisalarge
plateau in the energy-dependent response between about 0.08 and 1.3 MeV (Eckerman and
Ryman 1993), which are the energies of interest for thisstudy. Thereisaso aminor variation as
afunction of body mass, as captured and reflected in Table 5 for various ages. This parameter
will be dightly varigble for individuds of different weights; the ditribution is assumed to vary
by about 10 percent.

Theterms Ty, T, and T3, whileidedly coming from individud data, are currently
assigned generic vaues, depending on the age of the individud in year y. Based on the
discusson of various lifestyle surveys presented in VVorobiova et d. (1999a) for individuas,
these times are assumed to vary by up to 30%. They are alowed to change from year to year in
order to account for individua circumstances. In implementation, the smadler vaues T and T»
are varied randomly, and T3 is congtrained so that the tota fraction equas the fraction of the year
gpent in contaminated zones near theriver (Table 4).

The external dose rates Driv,y, Dout,Ly, 8d DinLy are derived from measurements, or
dternatively, from the radionuclide contents of sediment calculated with the modd of Vorobiova
and Degteva (1999). The ranges of modeled or measured dose rates near the river bank are
presented for each village in the Appendix to Vorobiova et a. (19994). These ranges may be
used to define the distribution of Driy,Ly.. The parameters Doyt .y, and Din Ly are derived from
Driv,Ly UsiNg river-bank-to-residence-area dose-rate ratios and indoor-to-outdoor dose-rate ratios;
such values and ranges are also presented in the Appendix to Vorobiova et d. (1999a). Because
the actud digtance of an individud’ s resdence from the river is not yet known, it is equaly
likdy that spedific individuas could live in any house. Therefore, the bank-to-residence and
indoor-to-outdoor dose-rate ratios are treated as uniform distributions between the lower and
upper observed bounds.

In order to estimate the uncertainty of the dose estimates calculated usng the TRDS-
2000, aMonte Carlo verson of the TRDS is currently under development. Examples of the
gpplication of the uncertainty andysis are provided in the following sections for externd and
internal exposures.

6.2. UNCERTAINTY IN EXTERNAL EXPOSURE

Estimation of uncertainty in externa doseisillustrated with example Case History 1 from
Section 3.3. Thisadult was exposed in Metlino from 1950 through February 1955. The key
parameters necessary for the caculation are presented in Table 11. The ranges, and distribution
shapes for these parameters are provided in Table 14. All of these parameters are described in
Vorobiova et a. (1999a).
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The digtribution of dose to red bone marrow caculated using these distributions of input

parametersisillugtrated in Fig. 10. The parameters that describe this digtribution are outlined in
Table 15.

The digtribution of externd doseto RBM shown in Fg. 10 isthe result of combining the
digtributions of al input parameters. As presented in Table 15, the 95% confidence range for
thisindividud’s doseis 0.27 to 0.84 Gy. The mean of 0.40 is dightly lower than the
determinigtic value of 0.42 presented in Table 11. The digtribution in Fig. 10 appears to be
lognormd, even though dl of the input parameters are uniformly distributed. Thisistypicd; this
result occurs for most multiplicative modes such asthe one used here. A sengtivity andyss
indicates which parameters contribute to the uncertainty. The key parameters for this dose
digtribution are ligted, in terms of their contribution to the variance, in Table 16.

Table 14. Range and distribution type for parameters used in the calculation of
external dose to the red bone marrow.

Parameter Range Didribution
Driv 1950 24-3.1 Uniform
Driv 1951 8.8-15 Uniform
Driv 1952 3.35.0 Uniform
Driy 1953 4.04.1 Uniform
Driv 1954 2.0-2.4 Uniform
Driv 1955 0.63-0.77 Uniform
T, 0.012-0.022 Uniform
T, 0.20-0.37 Uniform
Ao for red bone marrow 0.63-0.83 Uniform
Bank-to-residence dose ratio 10600 Uniform
Indoor-to-outdoor dose ratio 0.12-1.0 Uniform

Total RBM External Dose Distribution
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Fig. 10. Distribution of red bone marrow external dose for example Case History 1.
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Table 15. Parameters of calculated external and internal dose distributions for
Case Histories 1 and 2.

Externd Dose Internd Dose
Percentile Gy Gy
2.5% 0.27 0.12
5.0% 0.28 0.23
50.0% 0.37 0.92
95.0% 0.65 2.8
97.5% 0.84 3.7
Mean 0.40 11
Median 0.37 0.92
Standard Deviation 0.15 0.94
Variance 0.022 0.88
Skewness 4.0 25
Kurtoss 26 13
Coeff. of Varidbility 0.37 0.83

Table 16. Key parameters contributing to uncertainty in external dose for Case 1.

Contributions to Uncertainty forTotal RBM External Dose

Bank/Residence 44.8%
D_riv 1951 18.3%
T1 1951 16.1%
A0 10.7%
Indoor/Outdoor 4.4% [
T11952 1.6%
T11953 1.4% §

0% 25% 50% 75% 100%

Measured by Contribution to Variance

The parameters in the external dose calculation for Case Higtory 1 with the greater
influence on the uncertainty are the ratio of dose rates on the riverbank with thosein the
residence area, and the time spent on the riverbank (in various years). Combined, these
parameters account for nearly two-thirds of the uncertainty in externd dose. The resultsfor this
Case Higtory show that the 90% range is about a factor of four. Thiswill vary for individuas
from other villages, where the range of riverbank-to-residence dose rate retio differs. However,
it isarough approximation of the external dose uncertainty for most of the TRC.

The uncertainty in the parameters related to time spent near the river are unlikely to be
much improved through future research, because the events took place about 50 years ago, and
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even an extensive interview program with the sudy subjectsiis not likely to provide substantia
improvements. However, the most important parameter is related to the location of the
individuals houssswithinthevillage theratio of dose rate a the river to that where the
persons spent most of their time. This parameter could be improved with individud- specific
data, specificdly, corrdating the subjects home addresses with individua locations within the
villages. Thisisa profitable areafor future improvements.

6.3. UNCERTAINTY IN INTERNAL EXPOSURE

Egimation of uncertanty in interna dose isillustrated with example Case History 2 from
Section 3.3. This adult was exposed in Ibragimovo from 1950 through June 1953, and then
moved to Mudyumovo through 1959. The key parameters necessary for the caculation are
presented in Table 12. Only three parameter distributions are necessary to estimate the
uncertainty of the total dose for thisindividud. The Individua-to-Modd Ratio accounts for the
combined variability of the reference intake and individua metabolism. Vaues are needed for
both Ibragimovo and Mudyumovo, as the individua lived in these two locations. The
distribution is obtained from the data presented in the Appendix of Degteva et d. (1999). The
only other parameter needed is the range of the °°Sr-dose conversion factor exdlusive of the
uptake and retention variability. Asdiscussed in Section 6.1 this is gpproximated as alognorma
distribution with a geometric sandard deviation of 1.25.

The digtribution of dose to red bone marrow caculated using these distributions of input
parametersisillugrated in Fig. 11. The parameters that describe this distribution are outlined in
Table 14. Aspresented in Table 14, the 95% confidence range for thisindividua's doseis 0.12
to 3.7 Gy. Themean of 1.1 isdightly higher than the deterministic vaue of 0.95 presented in
Table 3, but the median isdightly lessat 0.92. Thedidribution in Fig. 11 is somewhat skewed,
and the discontinuities of the underlying IMR distribution for 1bragimovo are gpparent.

A senstivity andysis again indicates which parameters contribute to the uncertainty, and
the results for thiscase are given in Table 17. Note that the dominant parameter isthe
digribution of Individud-to-Mode Reatios for Ibragimovo, but that the IMR for Mudyumovo is
not included. Thisis because about 99% of the dose results from exposures in Ibragimovo, and
the added variability around the 1% of the dose from Mudyumovo isimmaterid. The results for
Case Higtory 2 show that the 95% range is about a factor of 30. Thiswill vary for individuas
from other villages depending on the range of the IMR sfor that village. The 95% range for the
IMR sfor Ibragimovo is aout 20, for other villages the IMR s can range from about 10 to 50,
when no grouping is made for drinkers versus non-drinkers of river water.

The uncertainty in interna dose could be greetly reduced in future work by using the
actud individud whole-body count results for individuas who have them, and by grouping
individuas into households, drinkers versus nortdrinkers of river water, or other groups related
to individuals who have WBC records, for those individua's who do not.
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Fig. 11. Distribution of red bone marrow internal dose for example Case History 2.

Table 17. Key parameters contributing to uncertainty in internal dose for Case 2.

Parameters contributing to Uncertainty in Total
Internal RBM Dose

Ibragimovo Scaling
Individual DF Variability

Muslyumovo Scaling

0% 25% 50% 75% 100%

Measured by Contribution to Variance

6.4. UNCERTIANTIES IN TRDS-2000 RESULTS

To demondirate the magnitude of the uncertainties in the dose estimates, the gpproach to
edtimating uncertainties has been applied to reference individuas for each of the main Techa
River settlements. The reference individuds are adult, full-time resdents of the villages during

the period of the larger releases, 1950-1956. The doses are dl for the endpoint of 1980, 30 years
after theinitiation of the exposures.

Tables 18, 19, and 20 illusirate the results for externd, internal, and total dosesto red bone
marrow for the villages of Metlino on the upper Techa River, and Mudyumovo and
Brodokamak on the middle Techa. Because the didtributions are not symmetrica, percentiles
are presented. 1t can be seen that externa exposures contribute alarge portion of the dosein
Metlino, but only asmall portion of the dose for the villages on the middle and lower portions of
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Table 18. Parameters of calculated RBM external dose distributions for reference individualsin
Metlino, Muslyumovo and Brodokalmak, Gy.

Settlement 5 10 Percgc;tHS 90 95

Metlino 29" 10 30 107 36" 10+ 47 107 56" 107
Musyumovo 6.8° 103 727 103 9.0 103 1.6° 102 2.1° 102
Brodokal mak 39" 10° 42° 103 6.1° 10° 137 102 156" 10?2

Table 19. Parameters of calculated RBM internal dose distributions for reference individualsin
Metlino, Muslyumovo and Brodokal mak, Gy.

Settlement 5 10 Percgameﬁ 90 %
Metlino 26" 102 70° 102 40  10* 1.09 1.5
Musyumovo 75" 102 15" 10 6.5 10 1.52 1.9
Brodoka mak 58  10° 65 10° 1.0 10* 56~ 101 7.7 10*

Table 20. Parameters of calculated total RBM dose distributions for reference individualsin
Metlino, Muslyumovo and Brodokal mak, Gy.

Settlement 5 10 Percgames 9 %
Metlino 39" 10% 44" 10" 78" 107 1.50 1.89
Musgyumovo 87 102 16" 101 66" 10° 1.53 1.88
Brodoka mak 1.1° 10 13" 102 1.1° 107 57 107 78" 107

theriver. The 90" percentile range of uncertainty on the external doseis only about a
factor of two for the upper river and increases to about a factor of four for the lower river. The
90" percentile range of internal dose is much larger, from about 60 for Metlino to over two
orders of magnitude for the villages further downstream. Thisis reflected in the totdl dose
estimates: The 90™" percentile rangein total dose for Metlino is less than a factor of five, but for
Brodokamak it is nearly afactor of 70.

The gpproach to uncertainties is gpplicable to al organs. Tables 21, 22, and 23 illudtrate
the results for externd, internal, and total doses to the lower large intestine (LLI) for the same
three villages. These doses are typicd of walled organs. Similar results are presented in Tables
24, 25, and 26 for testes, representing other soft tissues.
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Table 21. Parameters of calculated LLI external dose distributions for referenceindividualsin

Metlino, Muslyumovo and Brodokalmak, Gy.

Settlement 5 10 Percggtl = 90 95
Metlino 0.25 0.27 0.32 0.41 0.48
Mudyumovo 0.006 0.006 0.008 0.014 0.018
Brodoka mak 0.003 0.004 0.005 0.011 0.014

Table 22. Parameters of calculated LLI internal dose distributions for reference individualsin

Metlino, Muslyumovo and Brodokalmak, Gy.

Settlement 5 10 Percgameﬁ 9% %
Metino 0.007 0.030 0.20 0.71 1.0
Muslyumovo 0.030 0.059 0.26 0.73 1.0
Brodokalmak 0.002 0.002 0.034 0.23 0.35

Table 23. Parameters of calculated LLI total dose distributions for reference individualsin

Metlino, Muslyumovo and Brodokal mak, Gy.

Settlement 5 10 Percgames 9 %
Metino 0.31 0.35 0.54 11 14
Muslyumovo 0.039 0.068 0.27 0.74 1.0
Brodokalmak 0.007 0.008 0.041 0.24 0.36

Table 24. Parameters of calculated testes external dose distributions for reference individualsin

Metlino, Muslyumovo and Brodokalmak, Gy.

Settlement 5 10 Per(:Se(r)r[I = 90 95
Metlino 0.32 0.33 0.40 0.52 0.62
Mudyumovo 0.007 0.008 0.010 0.018 0.024
Brodoka mak 0.004 0.005 0.007 0.014 0.018
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Table 25. Parameters of calculated testes internal dose distributions for reference individualsin
Metlino, Muslyumovo and Brodokalmak, Gy.

Settlement 5 10 Pacsegmes 90 95
Metlino 0.001 0.004 0.029 0.122 0.18
Musyumovo 0.001 0.002 0.012 0.043 0.062
Brodokal mak 407 10° 6.3 107 0.001 0.008 0.012

Table 26. Parameters of calculated testes total dose distributions for reference individualsin
Metlino, Muslyumovo and Brodokalmak, Gy.

Settlement 5 10 Percgameﬁ 9% %
Metlino 0.34 0.37 0.45 0.62 0.74
Muslyumovo 0.011 0.012 0.024 0.056 0.075
Brodokalmak 0.005 0.005 0.009 0.019 0.023

7. DISCUSSION

Information presented in this document is intended to review and summarize the work
that has been accomplished to date by work on Project 1.1 of the JCCRER. Although work on
dose recongtruction for the Techa River Cohort had been ongoing for many yearsin Russia, the
cooperative work and grester resources made available through this joint project have enabled
subgtantia improvements to be made in the Techa River Dosimetry System over the last five
years.

Aswould be expected in the course of making the improvements in the dosmetry
system, substantia changes (in some cases as much as an order of magnitude) have occurred in
the estimates of dose for the members of the ETRC. There are many underlying reasons why the
origina estimates were biased or uncertain and why it has been possible to make improvements.
In some cases theinitid estimates of dose were performed for radiation- protection purposesin
order to effect decisons on relocation or lifestyle restrictions; this conservative bias was
particularly gpparent for external dose. Removad of this bias was only possible following a
detailed review of exiging information and the subgtitution of more redigtic esimates for the
previous conservative ones.

For some parameters no directly useful measurement data existed, and it had been
possible previoudy to make only rough gpproximations. Example stuations included the
concentration of short-lived radionuclides in river water and the concentration of gamma-
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emitting radionuclides in sediments and in soil near the shoreline. A marked step forward was
achieved by the completion of the Techa River Mode (V orobiova and Degteva 1999), which
embodied years of experience in source-term reconstruction by the members of the Mayak
Centra Laboratory and the Moscow Ingtitute of Biophysics and the systematic andyss of dll
avallable data on river hydrologic parameters and on measurements of radionuclidesin river
water and sediments (Vorobiova et a. 1997).

Some of the key features of the revised doses are that the internal doses to some tissues,
particularly of the gastrointestind tract, have increased by up to afactor of two dueto the
incluson of short-lived radionuclides. Of more concern, however, are the reductions by up to a
factor of ten of the externa doses for many members of the ETRC. Thislatter change has
evoked strong expressons of concern from the Russian team of epidemiologists working on
companion studies, as the change in dosmetric values will produce amgor shift in the estimates
of radiogenic risk that are being developed from the study of the ETRC. Because the exposure
of the members of the ETRC is unique and the study of their experienceis potentidly very
vauable, the members of the Project 1.1 dosmetry team again emphasize the importance of
pursuing studies that can provide experimental vaidation of the revised doses.

Prdiminary and limited vaidation of the revised doses has been achieved, but much more
work isneeded. Of particular promiseis the near term examination of dose to teeth, as measured
by electron paramagnetic resonance spectrometry.

7.1. EVALUATION OF THE EXPERIENCE GAINED BY TRDS-2000 DEVELOPMENT

During the course of the past years a plan of work has been followed that was outlined in
the proposal document. While some deviations have occurred as experience accumulated, the
work has followed the plans rather faithfully. Asindicated in more detail below, the analyss of
uncertainty has proceeded more rapidly than anticipated; work involved with the upgrade of the
SICH-9.1 WBC has gone more dowly than planned.

The results of some of the more significant developments are evaluated below.

7.1.1. Review of historical data

One of the early activities undertaken was to review al known sources of historical data
relating to

Discharges into the Techa River from the Mayak Production Association,

Hydrologic characterigtics of the Techa River System and changes (impoundments or
other changes, such as cands, €tc.) over the years,

Measurements of concentrations of radionuclides in river water;
M easurements of concentrations of radionudlides in sediments and soils;

Measurements of externad gamma-exposure rates at the shoreline and in the residence
aress, and

Observations on amounts of time residents spent near the shoreline and in other locations.
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Asareault of thisreview the investigators are now satisfied that they have accessto
dataknown to berelevant. A feashility study was aso conducted under the auspices of the
JCCRER by personnd at the MPA and U.S. colleagues. The results (Mokrov et d. 1999) of this
feadbility study did not reved any new information that was not previoudy avalable. While
thereis dways a chance that some obscure, but ussful documents might be found or that some
additiond useful data might become available from newly declassfied documents, this
possibility now seems remote.

Our review of available data was published as the Milestone 1 document (V orobiova et
a. 1997), and a summary was published in the open, peer-reviewed literature (Vorobiova et d.
1999b). This documentation in the open literature of the andyticd review of higoricd datais
viewed asamgor step in establishing the credibility of the dosmetry for the ETRC. It wasaso
anecessary step leading to follow-on developments.

7.1.2. Development of the Techa River Mode

Unfortunately, the available measured data in themsdlves are not sufficient to support a
complete dose-recongtruction effort. Thisis because the measured concentrationsin river water
did not include dl radionuclides, some early measurements of concentrations in water and in
sediments were only of gross-beta activity, and the measurements did not start until some of the
major releases had aready occurred. Thus, in order to provide a dose-estimation system (the
TRDS) that covers dl time periods and locations, it was necessary to codify the existing results
and other fundamenta quantities (such as the radionuclide- dependent partitioning between water
and sediments) into the “ Techa River Modd.” This mode was developed and published by
Vorobiova and Degteva (1999). Because of a desire not to overinterpret the existing results, the
modd developed is the smplest possble that is consstent with the observations.

The development of thismodel has had a significant impact, and its use has been critical
for the follow-on improvements that have now been incorporated in the TRDS-2000. Prior to the
development of this modd several assumptions had been made that were known, or at least
sugpected, to be gross oversmplifications of the red Stuation. For example, it had been
assumed previoudy that the relative concentrationsin river water as afunction of downstream
distance were the same for dl radionuclides, that is, al relative concentrations were the same as
for °°Sr. Asacorollary it had aso been assumed that the relative concentrations in downstream
sediments had dso been the same for dl radionuclides. Implementation of the more gppropriate
relaionships has led to mgor (and quantitatively sgnificant) changesin the cdculated vaues of
both internal and external doses. Externa doses are now more important for the upper Techa
locations (due to the rapid absorption of *3’Cs and other gamma-emitting radionudlides onto
sediments) and much less important for middle to lower Techalocations. Short-lived
radionuclides, which were not measured origindly, are now incorporated into the modd and are
estimated to have made substantia contributions to dose to gastrointestina organs for residents
on the upper TechaRiver.

7.1.3. Recalibration and upgrade of the SICH-9.1 whole body counter (WBC)

One of the features of the exposure of the genera population to the MPA releasesis that
the most important radionudlide in terms of interna doseis *°Sr. This radionudlide, once
ingested, isincorporated into bone tissue from which it is diminated only very dowly. Thus, it
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has been possible to secure bone tissue at autopsy and to measure the °°Sr content in such tissue.
And, more usefully, it is possible to measure the ®*Sr content in living persons with the use of a
whole body counter that is specidly desgned to permit the detection of bremsstrahlung

associated with the emission of the high-energy beta particle by *°Y, the short-lived progeny of
9%, Over half of the members of the ETRC have been counted one or more times with this
WBC. Thisdataset isextremey important for the calculation of dose for the members of the
ETRC, asthese measurements are related closdy to dose quantities. The examination of
distributions of *°Sr-body burdens on avillage- by-village basis has dso been vduable in

defining the uncertainty in interna dose for the dose-reconstruction system.

Because of the importance of these measurements, a key issue has been to ensure the
vaidity of these measurements and to update the system with modern detectors and electronics.
Theinitid calibration of the detector system had been accomplished with perishable cadaver-
related surrogate systems, but was only done once during a detailed study. Routine calibration of
the system with point and extended sources had aways been done, but no further measurements
had been made with phantom systems.

In order to verify the initid cdibration of the old system a modern phantom was
constructed (Kovtun et . 2000) with °°Sr incorporated into its bone-smulant “tissue.”
Measurements of this phantom (and other phantoms of less critica configuration to Smulate a
human with body burdens of “°K and 3”Cs) with the old WBC system have verified the
correctness and persastence of the original cdibrations (Kozheurov et d. 1998). Thus, avery
important keystone of the TRDS-2000 (and predecessor models) has been validated.

The existing WBC has dso been upgraded with the purchase of new detectors and
electronic systlems. These upgrade components were ingtaled in July 1999. It is unfortunate that
the new system has not functioned, except for the period of its acceptance trid. Although the
system is under warranty the provider has not yet been able to rectify this Stuation, which
gopears to be due primarily to the nonfunctioning of the four phoswich detectors. The warranty
on the system has been extended by the provider and efforts continue to resolve the issues.

7.1.4. Review of internal doses

A review of the methods for the calculation of internd dosein the TRDS was published
as the Milestone 3 report (Tolstykh et d. 1998). The calculation of the main component of dose,
which isfrom %°Sr, was dways grounded firmly. Thiswas due to the extensive amounts of data
from autopsy materids and from the whole body and teeth counts of haf of the members of the
ETRC. However, it has been possible to make mgor improvements in the methods of dose
recongtruction with the implementation of the Techa River Modd. Now the doses to organs of
the gastrointestingl tract are modeled more accurately, due to the inclusion of short-lived
radionuclidesin the TRDS.

7.1.5. Review of external doses

Re-examination of the external dose estimated for the members of the ETRC has resulted
in mgjor changes. The reasons for these changes have been detailed in the Milestone 6 report
(Vorobiovaet a. 1999a); an open literature publication is aso in press (Degteva et d. 2000c).
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Theimprovementsin estimates of externa dose were made possible by three main
factors. Firgt, the development of the Techa River Model |ed to an enhanced ability to modd the
decrease in exposure rate downsiream of the point of release and the build-up (and then decline
over the longer term) in exposure rate with time since the releases began. Prior to the
development of the modd assumptions had been made that the decrease of exposure rate with
downstream distance in 1951 was the same as the decrease in concentration of beta-emitting
radionuclidesin river water and that the exposure rates in 1950 and 1951 were the same. Both of
these assumptions proved to be conservative. Second, the dose rates within residence areas had
been assumed to be the same for the entire settlement and were based upon thefirgt line of
households near the river. The collection of al exposure-rate-measurement data and their
assessment (Vorobiova et a. 1999a) have led to avillage-by-village eva uation of these data and
the cdculaion of a household-weighted average value of residence area-to-river bank exposure
rates. Third, the behavior factors (amount of time spent near the river) used previoudy had been
derived for radiation- protection purposes (e.g., implementation of decisions regarding relocation
and redtrictions) for critical groups and have proven to be overestimates.

Thus, the revisonsin estimates of externd dose have been amgor improvement in the
TRDS. Such mgor changes, however, are inevitably controversa and point out the need for
validation sudies.

7.1.6. Evaluation of uncertainty

Another ggnificant first has been the evduation of the uncertainty in the dose estimates,
thistopic is discussed in detail in Section 6 of this report. Two milestone reports (Degteva et dl.
1999; Nepier et d. 2000) have aso been published on this subject. Theinitia plans for this task
were limited and work has progressed more rapidly than planned. Such work isviewed as very
important for two primary reasons.

An accurate knowledge of the uncertainty in the doses should be important in evaluaing
the results of any derivation of risk factors from the study of the ETRC, and

Knowledge of the sources of uncertainty in the doses should have a powerful impact in
directing future activities, i.e., focusing future work on reducing the mgjor sources of
uncertainty that are amenable to reduction.

As discussed above in Section 6 severa mgor sources of uncertainty in both interna and
externa doses have been identified; these clearly fal into two categories. Some uncertainties do
not seem amenable to reduction, but others clearly do. An example of the latter isthe
uncertainty in the external dose due to unknown home location. The association of each
individud with a specific postion of his house within be very vauable. Such dataare available
in old tax books and other records and could be used for this purpose. The task would not be
easy for these long abandoned locations and for thislarge number of persons. The possibility of
amgor reduction in uncertainty, however, is compeling.

7.2. POSSIBILITIES OF ADDITIONAL IMPROVEMENTS IN DOSIMETRY (TRDS-2005)
The subgtantia improvements in the Techa River Dosmetry System have led to
ggnificant changesin the estimates of dose for the members of the ETRC. Further mgjor
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improvementsin the dosmetry system to support companion epidemiologic studies can be made
by

Further sudy of uncertainty with the god of reducing uncertainty in the fina dose
estimates,

Study of other sources of dose that could confound the analysis of the epidemiologic data
for the members of the ETRC; and

Validation of the dose estimates, particularly of the revised estimates of external dose.

Much atention in this report has dready been focused on the vaue of the preiminary
results of the andysis of uncertainty, and how these results could be used to direct work on the
magor sources of uncertainty that can be reduced. The andysis of uncertainty has not yet been
formdized into TRDS-2000 through the creation of a Monte Carlo version of the TRDS code.
Thisisamgor task that should be given early priority. It isevident that there are two rdatively
large sources of uncertainty that can bereduced. Oneisthe association of a particular individua
with the location of the house within which helived. Thisisan important varigble affecting
externd dose. At the present time a household weighted distance of homes from theriver is
being assumed with attendant large uncertainty in the estimated dose. Another mgor source of
uncertainty relates to the source of drinking water. Based upon the datain the Milestone 8 report
(Degteva et a. 1999) on direct measurements of body burdens, it seems clear that this source of
uncertainty might be reduced in avariety of ways. The preferred way would be to use the
measured body burdens directly as individua-input data. Thisis not being done at the present
time, as about haf the members of the cohort do not have such measurements. However, it is
possible to associate family membersinto households wherein one or more other persons did
have such measurements. The assumption could then be made that al members of the household
had the same source of drinking water. Another hepful aspect will the continuation of counting
of additiona members of the cohort within the SICH-9.1 whole body counter.

In terms of confounding sources of dose to the members of the ETRC, there are two
known sources. Oneisthe East Urds Radioactive Trace (EURT), or the Kyshtym explosion in
1957. Thissource of radioactive materid is known to have impacted a few thousand members of
the ETRC who had been relocated away from the Techa River and into the path of the future
EURT. The ability to cdculate doses from the EURT for this subset of the ETRC dready exists
in the TRDS-2000 code. However, there has not been an evauation of the existing datato
support the necessary input parameters on time- and locationdependent  intake rates of
radionuclides and on externd gamma- exposure rates.

Ancther potentially major source of confounding exposure is the gaseous releases
through the radiochemical plant stacks at the MPA. Large releases of 3! and other
radionuclides are known to have occurred.

Findly, the vaidation of the new estimates of external dosesis considered to be acritical
factor in the continuing credibility of the TRDS-2000 results and the companion epidemiologic
studies they support. Recent successesin the measurement of doses by thermoluminescence of
naturd materials and by dectron paramagnetic resonance (EPR) of tooth enamel have
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demonstrated that these measurements can be applied to the Techa River Stuation. However, the
measurements can be difficult and must be supported by extensive modeling to support the
interpretation. For example, the time-dependent, complicated source geometries must be
modeled in order to interpret the results of thermol uminescence measurements. The EPR
measurements aso have complications in the fact that the measurements of “externd” dose are
complicated by the presence of *°Sr in tooth enamd. Thus, an EPR messurement by itsdlf isnot
sufficient as a validating measurement without some accompanying knowledge of the

contribution of °°Sr and perhaps other radionuclides.

8. CONCLUSIONS

Substantid improvements have been made in the Techa River Dosmetry Sysem (TRDS-
2000). Theseimprovements have brought substantiad changes in the estimates of dose for the
members of the ETRC.

Limited data on vaidation generdly support the new estimates, but validation work is
considered as an important task for the future.

Thefirgt preliminary results of the andyss of uncertainty in the TRDS doses has
provided vauable ingght into how work can be directed to reduce uncertainty in the dose
esimates. The further sudy of uncertainty, effective implementation of aMonte Carlo verson
of the TRDS-2000 code, and work on reducing uncertainty are important aspects of future plans.

There are known to be confounding sources of dose for some members of the ETRC,
such asthe EURT and the gaseous emissons from the MPA. Better means of estimating these
confounding sources of dose should be part of afuture program of investigation of this cohort.

The primary god of this project on improvementsin the Techa River Dosmetry System
has been met. The dosimetry team is ready for the planned year 2000 “freeze’ of the cohort.
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